Long interspersed element type 1 (L1) retrotransposons are ubiquitous mammalian mobile elements and potential tools for in vivo mutagenesis; however, native L1 elements are relatively inactive in mice when introduced as transgenes. We have previously described a synthetic L1 element, ORFeus, containing two synonymously recoded ORFs relative to mouse L1. It is significantly more active for retrotransposition in cell culture than all native L1 elements tested. To study its activity in vivo, we developed a transgenic mouse model in which ORFeus expression was controlled by a constitutive heterologous promoter, and we established definitive evidence for ORFeus retrotransposition activity both in germ line and somatic tissues. Germ line retrotransposition frequencies resulting in 0.33 insertions per animal are seen among progeny of ORFeus donor element heterozygotes derived from a single founder, representing a >20-fold increase over native L1 elements. We observe somatic transposition events in 100% of the ORFeus donor-containing animals, and an average of 17 different insertions are easily recovered from each animal; modeling suggests that the number of somatic insertions per animal exceeds this number by perhaps several orders of magnitude. Nearly 200 insertions were precisely mapped, and their distribution in the mouse genome appears random relative to transcription units and guanine-cytosine content. The results suggest that ORFeus may be developed into useful tools for in vivo mutagenesis.
L
ong interspersed elements (LINEs) are common components of mammalian genomes, and approximately one-fifth of the human and mouse genomes consist of LINE-1 elements (L1s) (1) (2) (3) . The human genome contains Ͼ500,000 L1 copies, most of which are 5Ј truncated (2, (4) (5) (6) (7) . Full-length L1s are Ϸ6 kb in length, containing an internal promoter in the 5Ј UTR, two nonoverlapping ORFs (ORF1 and ORF2) and a 3Ј UTR followed by a poly(A) tail (8) (9) (10) (11) . L1 ORF1 encodes a single-strand RNA-binding protein with nucleic acid chaperone activity in vitro (12) (13) (14) (15) ; ORF2 encodes a protein with endonuclease and reverse transcriptase activities (16, 17) ; both proteins are required for retrotransposition in tissue culture (18) . It is estimated that up to 100 L1s are active in the average diploid human genome (19) , whereas Ϸ3,000 are potentially active in a diploid mouse genome (20) . Human and mouse L1s are similar to each other but molecularly distinct (21) . Nevertheless, human L1s can transpose in mouse cells and vice versa (18, 22) . Such ex vivo experiments have extensively documented the ability of L1 to retrotranspose to new genomic locations, resulting in a wide spectrum of mutations ranging from innocuous neutral insertions to large rearrangements and deletions (23) (24) (25) . In contrast, the activity of L1 in vivo has not been widely studied. Two human L1 isolates, L1 RP (26) and L1 LRE3 (27) , are among the most active native L1s isolated thus far, but their transposition frequencies were less than satisfactory when introduced into mice: Ϸ1.5% of progeny animals had one germ line insertion event with L1 RP (28, 29) , and only Ϸ50% of donor-containing progeny animals had detectable somatic insertions with the more active L1 LRE3 (30) . The low activity of native L1s in mice hinders our current understanding of regulatory mechanisms of L1 propagation at the systems level, and it makes the use of L1 for in vivo mutagenesis impractical.
Retrotransposition frequency may in part be limited by the effect of an elongation defect affecting ORF1 and ORF2 transcription (31) . To circumvent this defect, we designed a synthetic L1 in which both ORFs were recoded synonymously to mouse L1 by using the most favored codons in highly expressed mammalian genes. This element, termed ORFeus (after the similarly named legendary Greek God who revitalized his spouse), is significantly more active for retrotransposition in cultured cells than all native L1 elements tested (32) . We report introduction of ORFeus into the germ line and characterization of ORFeus retrotransposition in mice.
Results

Construction of Transgenic L1 Mice.
We constructed mouse transgenic lines containing ORFeus by pronuclear microinjection of fertilized eggs from B6/SJL F1 females. The ORFeus transgene is driven by a constitutive composite chicken ␤-actin promoter CAG (33) , and it is marked by a retrotransposition indicator cassette (18, 34) , in which a modified green fluorescent protein reporter gene (gfp) is disrupted by an intron (Fig. 1A ). An ''insertion'' resulting from a retrotransposition event lacks the intron (Fig. 1B) . We established a diagnostic PCR allowing ready distinction between the donor transgene and insertions ( Fig. 1C ; intron PCR using primers 1 and 1Ј shown in Fig. 1 A and B) . We initially PCR-screened tail DNA of potential founder animals for the donor transgene (Fig. 1C Left) . Six of the screened 28 mice contained the intronless gfp signal (470-bp band), but only two of these mice (F210 and F211) contained the introncontaining gfp signal (1,370-bp band), suggesting the presence of the ''donor element'' in these two mice. The presence of the donor element was confirmed by further PCRs flanking the intron-exon junctions in the indicator cassette and throughout its length (Fig. 1 D-F and Fig. 5 , which is published as supporting information on the PNAS web site) and verified by Southern blotting (Fig. 6 , which is published as supporting information on the PNAS web site). Of two donor element-positive founders, only mouse F210 transmitted the donor element; line F210 was then expanded to examine ORFeus activity. Four other animals were ''pseudofounders'' bearing one or more transmissible new ORFeus insertions but lacking donor elements (Table 1 , which is published as supporting information on the PNAS web site).
Active Transposition in the Mouse Germ Line. To assay ORFeus activity in mice, we backcrossed founder F210 to wild-type C57BL/6J mice, producing F1 progeny. These mice were themselves backcrossed, producing N2 progeny. All mice were genotyped by at least two PCR assays on genomic DNA (gDNA), including the intron and 3Ј end primer pairs ( Fig. 1 C-F Right) . Nearly 500 N2 mice generated from such breeding were classified into three groups on the basis of PCR genotyping: group i, 50.4% (251 of 498) of these mice contained both the donor element and insertions (e.g., mice B540 and B543 in Fig. 1 C-F) ; group ii, 13.9% (69 of 498) had only insertions (e.g., mouse B541 in Fig. 1 C-F) ; and group iii, these mice were negative for both. Using the second genotyping PCR that targets the 3Ј end of the ORFeus transgene sequence allowed detection of insertions as short as 200 bp in donorless animals. For example, F1 mouse B041 was negative for intron and 3Ј junction PCRs ( Fig. 1 C-D) , but it was positive for the 3Ј end PCR (Fig. 1E) , suggesting an insertion(s) truncated at a nucleotide position between primers 2 and 3. The expression of the donor element was driven by a constitutive CAG promoter known to be active in both somatic and germ cells (35) . Thus, insertions in donor elementcontaining mice (group i) consist of a mixture of germ line and somatic events (see the following section). In contrast, in donorless mice (group ii), insertions can only result from germ line transposition events that likely occurred during meiosis and segregated away from the donor element. To calculate the germ line insertion frequency, we divided the total number of group ii mice by the sum of groups ii and iii mice. This rather simplistic procedure (which underestimates the true frequency by ignoring multiple insertions and also does not discriminate new germ line insertions from preexisting insertions inherited from F1 donor parents) gave an overall germ line insertion frequency of 0.28 (69 of 247). Assuming that each insertion derives from an independent event, we refined our estimate of the mean number of insertions per progeny by extrapolating from the fraction of animals with no insertions; the frequency of insertions per animal is 0.33 according to the Poisson distribution (Supporting Methods and Table 2 , which are published as supporting information on the PNAS web site).
To determine more accurately the germ line insertion frequency, we used Southern blot analysis on gDNA with a probe recognizing the donor element 3Ј end ( Fig. 2A) . In a pilot experiment, we detected no discernable signals above background from group iii mice on blots. Therefore, only DNA . PCRs were performed on mouse gDNA using primer pairs complementary to various transgene segments. Primers 1 and 1Ј (intron) were used to amplify the indicator gene (C); primers 2 and 1Ј (3Ј junction) only amplify donor transgene (D); primers 3 and 3Ј (3Ј end) amplify the 3Ј end of transgene sequence common to both donor and insertions (E); hprt primers were used as endogenous PCR controls (F). Mouse DNA samples are identified by corresponding mouse identifications: prefix F for founders and B for progeny from line F210. Kinship among mice is indicated at the top of the gel image. WT, wild-type C57BL/6J; TE, TE buffer; ϩintron, plasmid that carries indicator cassette with intron; Ϫintron, plasmid with intronless indicator cassette; NTC, PCR mix only; M, 100-bp DNA ladder (New England Biolabs, Ipswich, MA). samples positive in either of two genotyping reactions (groups i and ii mice) were subjected to a large-scale Southern blot analysis (109 PCR-positive mice from a population of 186 N2 mice, representing early litters among the total of 498 N2 animals genotyped by PCR). Representative blots for some N2 animals and their respective F1 parents are shown (Fig. 2B) . As expected, all group i animals contained an intense Ϸ4.5-kb band corresponding to the donor element concatemer (e.g., animal B234). Donor-containing N2 animals also displayed additional bands that could reflect (a) junction fragments between the donor element and flanking genomic sequence; (b) preexisting insertions inherited from their F1 parents; or (c) putative new insertions. The insertions detected by blotting likely represent a mixture of germ line insertions and early somatic insertions that exist at near-single copy; signals from somatic insertions present at significantly less than single copy could be undetectable. Consistent with PCR genotyping results, group ii mice displayed no donor signal, but they had different numbers of bands of varied sizes (Fig. 2B, animals B400 , B404, B340, B356, and B358). We cloned flanking genomic sequences of such insertions from group ii mice, and we tested germ line transmissibility by breeding three different group ii mice to wild-type mice. In all three cases, we detected transmission to the progeny of these insertions by insertion-specific PCRs (data not shown). Thus, these group ii animals provide definitive evidence that there are new transposition events in the germ line of N2 animals.
The number of new bands in each N2 animal from the blotting experiments were tallied. We estimated the frequency of germ line retrotransposition by examining animals descended from ORFeus donor element heterozygotes but lacking the donor element (21 group ii mice and 77 group iii mice). Among these 98 N2 mice, the minimum new germ line insertion frequency was 0.27 (26 of 98), consistent with the PCR results ( Table 2) . These are minimum estimates because short insertions may not be detected; the signal strength might be too weak to be detected if the insertion is significantly shorter than the probe.
High-Level Somatic Transposition in Donor-Containing Mice. We detected ''intronless'' products in 100% of donor-containing animals screened (Fig. 1C) , although not all donor-containing animals displayed discrete insertion bands of high intensity on blots (Fig. 2B, animals B234 , B339, and B357). This observation implies a high level of retrotransposition activity in somatic tissues albeit beyond the detection limit of blotting analysis. To evaluate the transposition activity better, we developed an inverse PCR (iPCR; refs. 36 and 37)-based insertion profiling approach (Fig. 7A , which is published as supporting information on the PNAS web site). The iPCR strategy allowed efficient amplification of multiple insertions in a single round of PCR of 35 cycles for products ranging from 0.1 to 3 kb long (Fig. 3A) . All donor element-containing mouse samples (Fig. 3A, mouse B524 ) generated multiple bands as expected if the donor transgene continuously produced new insertions during mouse development and growth. Interestingly, when independent PCRs are performed with aliquots of the same ligation reaction, a completely or largely distinct banding pattern is generated, suggesting that the gDNA sample contains a complex population of low-abundance insertions. In contrast, significantly fewer bands (or in some cases, no bands) were detected in donorless group ii mouse samples (Fig. 3A, mouse B523 ). Potential background amplification from genotyping PCR-negative mice is minimal (Fig. 3A, mouse B530) . To assess the level of nonspecific amplification from donor-containing gDNAs, we characterized 17 individual bands from two separate iPCRs on donorcontaining mouse samples (Fig. 7 B and C) . Twelve putative ORFeus insertions were recovered from 10 bands, and indeed the majority of these bands represent different insertions; sequencing analysis suggests that the remaining seven bands (most were Ͻ500 bp in size) were PCR artifacts caused by mispriming (Fig.  7B) . Using this technique, we could recover up to 29 different insertions from a single tissue biopsy of a donor-containing mouse (see the following section). Mathematical modeling suggests that each donor-containing mouse could possibly have millions of unique somatic insertions throughout its body (see Supporting Methods). In addition, a similarly high level of somatic retrotransposition activities was demonstrated by iPCR from the independently derived ORFeus mouse founder animal F211 (Fig.  8 , which is published as supporting information on the PNAS web site).
To map the genomic locations of individual insertions, we used iPCR to capture the 3Ј integration junction at which the poly(A) stretch at the 3Ј end of an insertion is joined to flanking genomic sequence, and we determined the DNA sequence. The sequencing data were subjected to a computerized annotation pipeline and subsequent manual inspection. To date, we have gathered a collection of 197 distinct insertions, derived from a total of 24 mice. Among these mice, 171 are mapped unambiguously to a specific genomic position (Table 3 , which is published as supporting information on the PNAS web site), but the remaining 26 could not be assigned to specific chromosomes because they were either integrated in highly repetitive sequences, or the flanking sequences recovered were too short. Of note, 154 mappable insertions were from 9 donor-containing mice (an average of 17 insertions per animal); 15 mappable insertions were also recovered independently from Ն2 littermates or mice from different generations, providing evidence that there are germ line insertions in donor-containing mice (Table 3) . We designed primers specific for individual insertions to characterize tissue mosaicism vs. germ line inheritance for insertions of interest. Examples of such experiments are shown (Fig. 3 B and  C) ; insertion B131-17 was seen in all 15 tissues examined and in 5 of 20 its N2 progeny (Fig. 3B) , suggesting that B131-17 is a germ line transposition event. In contrast, insertion B131-20 could only be detected in a subset of six tissues and in none of the 20 N2 progeny (Fig. 3C) , confirming it as an early somatic event. All tissue samples and progeny were also subjected to the standard PCR genotyping procedures illustrated in Fig. 1 C-F (see also Fig. 9 A-D, which is published as supporting information on the PNAS web site).
Properties of de Novo Insertions and Chromosomal Distribution.
With the large number of insertions recovered from ORFeus line F210, we could survey the integration pattern of de novo synthetic L1 insertions in vivo. These insertions were located on all chromosomes including the Y chromosome (Fig. 4A) , whereas the donor element transgene concatemer was mapped to chromosome 7 by fluorescent in situ hybridization (FISH) and whole chromosome painting (Fig. 4B and Supporting Methods) . Of the new insertions, 27.6% (47 of 170) were mapped to RefSeq genes, and 28.0% of the mouse genome is covered by annotated RefSeqs. Thus, ORFeus appears to have no bias in its integration relative to transcription units (P ϭ 0.99, 2 test). Intragenic hits are distributed uniformly across the length of target genes, neither favoring nor avoiding 5Ј or 3Ј ends ( Fig. 4C ; P ϭ 0.94, 2 test); intergenic hits do not cluster near genes any more than expected, given the distribution of all intergenic distances in the build 36 database (P ϭ 0.96, 2 test). In addition, no bias toward AT-rich regions was detected ( Fig. 4D ; P ϭ 0.93, 2 test). We have also obtained sequence information for the 5Ј junction of 25 insertions (Table 4 , which is published as supporting information on the PNAS web site). The 5Ј junction information for 19 of these insertions was obtained simultaneously from the 3Ј junction iPCR product, thus representing an unbiased sample of short insertions. The remaining 6 insertions were longer, and their 5Ј junction was recovered by additional PCRs, each using an ORFeus-specific primer and a primer complementary to the 5Ј flanking genomic sequence of the insertion. All 25 were 5Ј truncated, and the length of these insertions ranged from 0.2 to 4.4 kb. All of these insertions contained a poly(A) tail at the predicted cleavage site of the polyadenylation signal of the donor elements. Most were flanked by target-site duplications ranging in size from 1 to 37 bp. Four were accompanied by 1-to 238-bp deletions at the integration site. The deduced consensus of first-strand nicking site for ORFeus was TTTT͉AA, identical to that previously determined for L1 endonuclease (17, 38) . These features are typical of the structure of native L1 elements in vivo and insertions isolated in tissue culture cells (23-25, 30, 39-41) , with the exception on the spectrum of target site deletion sizes (see Discussion).
ORFeus-Mediated Gene Trapping in Mammalian Cells.
To date, we have aged a cohort of 60 donor-containing mice for Ͼ18 months without observing obvious fitness reductions despite the high level of retrotransposition activities in germ line and somatic tissues. This result is not surprising because the ORFeus transgene in this mouse line lacked potent gene-trapping elements. L1-mediated gene trapping has been demonstrated previously with native elements (42) . To test the potential of using ORFeus as an in vivo mutagenesis tool, we modified the ORFeus construct by replacing the gfp indicator cassette with a gene-trap cassette (Fig. 10A , which is published as supporting information on the PNAS web site). This cassette consists of a bidirectional poly(A) signal sandwiched between two oppositely oriented splice acceptors (43, 44) . The poly(A) signal in the sense orientation relative to the transcriptional direction of ORFeus is interrupted by an intron so that it remains nonfunctional until the intron is removed during retrotransposition. Thus, transcription termination of a target gene can be achieved independently of the orientation of an insertion after its integration into an intron of an endogenous gene. We transfected HeLa cells with this vector, harvested total RNA, and performed 5Ј RACE by using adenoviral gene-trap sequence-specific primers. Gene-trapping events were readily recovered, and Fig. 10B shows a list of fusion transcripts between endogenous genes and gene-trap sequences. These results suggest that retransposition events by ORFeus can efficiently lead to gene disruption when it is equipped with appropriate gene-trap elements.
Discussion
It was of keen interest to determine whether unleashing a fully synthetic entity like ORFeus into the mouse germ line would lead to active retrotransposition. ORFeus essentially represents a new type of retrotransposon (indeed, it could even be considered a new species; ref. 45 ), which we have introduced into the mouse genome. Several lines of evidence suggest that the ORFeus element is in fact considerably more potent than previously described L1 elements in mice. First, our initial screen for Mapping donor transgene location by FISH. Metaphase spreads of splenocytes from donor-containing mice were probed with fluorescently labeled fulllength transgene cDNA probe (green) and subsequently with a wholechromosome paint probe for chromosome 7 (red). Chromosomes were counterstained with DAPI (blue). (C) Distribution of insertions within annotated genes. The point of integration for every intragenic insertion (a total of 65) was transformed into a percentile value relative to the gene length (from 5Ј to 3Ј) and binned into five-percentile intervals (x axis). Integration frequency was derived by dividing the number of intragenic insertions in each interval by the total number of intragenic insertions (y axis). (D) Distribution of ORFeus insertions relative to local GC content. GC content was determined for a 50-kb region centered at each insertion, and the frequency of integration was plotted as a function of the local GC content (right y axis); as a comparison, the mouse genome was binned as 50-kb segments by guanine-cytosine (GC) content (left y axis).
founders discovered multiple pseudofounder animals. In most of these cases, insertions were able to transmit to F1 progeny, indicating that the insertions occurred early and were often incorporated into the germ line. Because these pseudofounders did not contain a donor element, retrotransposition likely occurred from an episomal donor in the short time between donor element transgene injection and its loss by cell division. Only a single definitive instance of such an event has been previously reported when a native human L1 isolate was used as the transgene (29) . Second, from a single ORFeus mouse line, we were able to obtain a significant number of donorless, germ line insertion-containing mice and to calculate minimum germ line insertion frequencies unambiguously, which exceeds by Ͼ20 fold those in the literature (28, 29) . Third, we detected somatic insertions in 100% of donor-containing animals, and an average of 17 different insertions were readily recovered from each donor-containing animal, which compares favorably with a recent report on transgenic mouse models using the most active native L1 isolate in which somatic insertions were detected in only Ϸ50% of L1 LRE3 -containing animals (30) . These results have immediate implications for the potential of L1s as a useful mutagenesis system in mammals, which has been limited by the low frequency of new insertions generated from native elements (28) (29) (30) . A useful mutagenesis system in mice should easily generate clonable, highly abundant, and randomly inserted mutations. Engineered (retro)transposons are perfectly suited for this task because they mark mutations with a defined sequence that can serve as a molecular probe for easy mapping of the mutation (46) . Two DNA transposons derived from heterologous hosts, Sleeping Beauty (SB) (47) (48) (49) (50) (51) and piggyBac (52) , have been recently developed for use in mice. Data from SB studies have demonstrated its utility in germ line regional saturation mutagenesis (51) and in somatic mutagenesis for discovering cancer-susceptibility genes (53, 54) . The high level of retrotransposition activities observed from the synthetic L1 element ORFeus represents a major step forward toward such directions (for optimization strategies, see Supporting Methods).
The difference in transposition mechanisms between retrotransposons and DNA transposons affords several unique properties to L1s as insertional mutagenesis tools (55, 56) . First, L1s replicate by a copy-and-paste mode, and thus the number of mutations produced is not dictated by the initial copy number of transgenes as is the case for DNA transposons. Second, L1 insertions are not limited by ''local hopping'' observed with some DNA transposons, in which new insertions are closely linked to the donor site (47) (48) (49) (50) 57) . Our data directly confirm this finding in vivo because the distribution of L1 integration sites appears to be truly random, and there is no apparent preference into genes, AT-rich regions, or near-transcription start sites as is seen with certain retroviruses (58) (59) (60) . Third, the L1 retrotransposition machinery operates on L1 RNA, and no rearrangement of donor L1 elements is expected. The ORFeus donor concatemer in line F210 has been stably transmitted to the third generation as evaluated by Southern blot analysis; iPCR profiling also indicates active retrotransposition in the N3 generation (data not shown). Conversely, DNA transposons transpose by first excising the donor element, and the excision of SB transposon is frequently accompanied by deletions of varied size and occasionally larger insertions at the excision sites (48, 57, 61, 62) . Thus, DNA transposon-mediated mutagenesis may suffer from unintended mutations because of imprecise excision of the donor element, confounding the interpretation of the observed phenotype. Notably, such deletions at donor excision sites for DNA transposons differ from sequence deletions at the integration sites occasionally observed in L1 insertions in that the latter are molecularly tagged and thus can be easily detected. Fourth, L1 insertions, once integrated, are stable and not subject to excision. ORFeus insertions are expected to be even more stable than native L1 insertions because the ORFeus sequence is sufficiently divergent from endogenous mouse L1s to prevent homologous recombination between the two. Finally, unlike DNA transposons, L1 insertions are frequently 5Ј truncated (2, (4) (5) (6) (7) , although the mechanism of truncation is unknown (30, 63) . Our data indicate that Ϸ25% of ORFeus insertions are Ͻ502 bp long (Table 4) , which places a restriction on the cargo size for L1 transgenes and demands the design of L1 vectors with compact reporter elements such as epitope tags. Nevertheless, the distinct transposition mechanisms used by retrotransposons make L1s particularly attractive and complementary mammalian mutagenesis tools.
The increased activity of synthetic L1s also provides a more sensitive in vivo model to follow retrotransposition, which is of great utility because our current understanding of the cellular conditions that regulate L1 mobilization is inadequate. Endogenous L1s are currently believed to be transcriptionally active in germ cells (64) (65) (66) and neurons (67) , but the molecular details of how this activity occurs are not yet clear. The high frequency of retrotransposition reported here was achieved with an ORFeus transgene under the regulation of a constitutive heterologous promoter, which has allowed us to evaluate the integration preference of L1 in vivo on the basis of a large collection of recovered insertions. For example, we detected no integration bias toward AT-rich regions, in sharp contrast with observations made on the basis of preexisting endogenous L1 copies in mammalian genomes (1) (2) (3) . This finding provides the most convincing evidence that the biased distribution of endogenous L1s in AT-rich regions of contemporary mammalian genomes is the result of selective accumulation rather than preferential integration at the first place, supporting a previous analysis on the distribution of a smaller set of recent L1 insertions in the human genome (68) . Further, we found no unusually large deletions or rearrangements from 25 fully characterized insertions. The size distribution of target site deletion of host gDNA (1-238 bp from our data set) is contrary to findings from tissue culture experiments, which revealed a deletion size range from 1 to Ͼ71,000 bp (24, 25, 40) , but it is consistent with recent reports on in vivo retrotransposon insertions in mammals (30, 41) . However, our finding is largely based on the analysis of short insertions. More studies are needed to determine the frequency of large deletions associated with in vivo insertions.
Methods
Plasmids, Primers, and Transgenic Mice. The ORFeus transgene is detailed in Fig. 1 . The gene-trap version in Fig. 5 has a modified pCEP4 (Invitrogen, Carlsbad, CA) backbone that confers puromycin resistance in mammalian cells. Construction details are available on request. Primer sequences are summarized in Table  5 , which is published as supporting information on the PNAS web site. The use of mice was approved by an Institutional Animal Care and Use Committee.
Mapping Transposition Events by Inverse PCR. One microgram of mouse gDNA was digested with MspI, heat-inactivated, diluted, and ligated in a volume of 1 ml. The ligated material was concentrated to 50 l by using a Microcon column (Millipore, Billerica, MA), and 1-l samples were used as templates for a 50-l PCR using primers JB8897 and JB8822. The PCR cycling parameters consist of an initial denaturation at 94°C for 2 min; 19 cycles of denaturing at 94°C for 15 s, annealing at 70°C (Ϫ0.5°C per cycle) for 30 s and 72°C for 60 s; 16 cycles of 94°C for 15 s, 60°C for 30 s, and 72°C for 60 s; and a final extension step at 72°C for 7 min. The PCR product was purified either directly as a pool or as individual bands after agarose gel electrophoresis by a QIAquick column (Qiagen, Valencia, CA), and subcloned into a TA-cloning vector (Invitrogen). White colonies were selected for bidirectional sequencing analysis using universal vector primers.
